ABSTRACT β-amyloid has been shown to play a crucial role in Alzheimer's disease (AD). In vivo β-amyloid imaging using
DESCRIPTION OF THE PURPOSE
The comparison of brain has proved to be a challenging task due to the convoluted geometry of the brain and the high inter-patient variability. A significant amount of research has focused on this problem; they can be divided into two main methods, the surface based [1] and the voxel based [2, 3] approaches. Instead of handling complex 3D images, surface based methods extract a 3D mesh representing the outer layer of the cortex, which provides a more natural representation of surfacic nature of the cortex, and gives a more natural way to visualise the cortex in 3D. The surface-based approach starts with generating individual cortical surfaces from 3D brain images, mapping these surfaces to a template before performing inter-individual statistical analysis on each point of the template surface. However the noise introduced during the cortical thickness estimation and the registration doesn't allow surface based approaches unveiling any major cortical thickness difference when comparing groups with low difference. In this paper, we propose a new surface based approach that makes it possible to compare HC having a low PiB (PiB SURV<1.5) retention with HC presenting a high PiB retention (PiB SURV>1.5). We first present a new surface based pipeline that propagates the local cortical thickness of each patient on a common template. A per-vertex T-test between PiB-HC and AD highlights regions where AD patient exhibit major cortical atrophy. Our hypothesis being that PiB+ HC will convert to AD, we only compare PiB+ with PiB-HC groups in these discriminating regions. Hence, the mean values of the cortical thickness are computed for each patient and in each discriminating regions and are then statistically compared. The use of discriminating regions enables to group vertexes that may exhibit cortical atrophy while computing the mean values enables to reduce the influence of noise and to increase the statistic. This approach can find significant differences between the two HC groups in the hippocampus and in the temporal lobe for both hemisphere and in the precuneus and occipital regions only for the left hemisphere.
METHOD

Cortical thickness estimation and Surface-based approach
119 subjects underwent a MRI scan on a 3T Siemens Trio using a 3D MPRAGE sequence and a 11C-PIB PET scans using a Philips ADAC Allegro full-ring tomograph as part of the Australian Imaging, Biomarker and Lifestyle study [4] . PiB scans were normalised with the standardized uptake value ratio (SUVR) method [5] . In the subject cohort, 29 patients were Alzheimer's disease, while the other 90 were healthy controls elderly subjects. 33 PiB+ HC had a neocortical PiB above 1.5 and were classified as PiB+ [6] , while the remainder 57 subjects were classified as PiB-.
In a first stage, the MRI images are classified into three brain tissues (gray matter (GM), white matter (WM) and CSF) with an expectation maximization segmentation algorithm allowing the use of nine atlas [6] . For each MRI, the algorithm is initialized with the nine atlases. This approach allows reducing the mis-segmentation. The final segmentation is a consensus of the nine different segmentations provided by a voting process. At the same stage of the pipeline, the AAL and IBSR segmentations [7] of the atlas are propagated to each MRI in the cohort throw a same voting process.
On the pure GM segmentation, topological constraints force the interface to be a continuous layer [8] over the WM. From the segmentation, a maximum a posteriori classification of voxel into pure and mixed tissues is performed along the GM/WM and GM/CSF boundaries, resulting in partial-volume coefficients of the GM (GMPVC) at each voxel. This latter coefficient is used in the next stage as a Laplacian initialization of the thickness estimation. An Eulerian PDEs approach is used for this purpose [9] . The cortical thickness is then mapped on the WM/GM interface. 3D meshes of the WM/GM interfaces are generated with a marching cube algorithm.
Segmentation and meshing errors result into tunnels and handles of the meshes. Tagglut [10] corrects the mesh topology to generate a genus zero mesh. In the first part of the algorithm the shortest non-separating loops are detected. The surface is then cut by adding two boundaries. The cutting process reduces the genus by one. The algorithm is run until the genus is null.
To reduce the shape complexity of the brain due to its multiple folding nature, meshes need to be inflated. Several method have been developed in the literature to unfold the meshes [11] . The approach we adopted is based on CARET [12] . The position of each vertex is updated iteratively as a weighted sum of its current position and of the mean position of the neighbouring vertices. The sulcal depth is the geodesic distance covered by each point between its original and final locations. It corresponds to the local geometry information that has been lost during the inflation process and it is used as a local descriptor of the mesh shape later in the pipeline to help the shape matching.
Non-rigid registration of all individual meshes to a common template is performed with a shape context based algorithm as in [13] . Shape context is a compact, highly discriminative shape descriptor. For each point, a histogram of the relative polar coordinate of the other points of the mesh is constructed. However the method is time consuming and to reduce the processing time, the template and the floating meshes are decimated respectively to 3,000 and 2,000 points. The cost of matching a vertex m i of the moving mesh to the vertex f j of the template mesh is given by:
Where h i and g j are respectively the shape context histograms of points m i and f j . The best match between both meshes is obtained by finding the minimum path in the cost matrix C i,j with the Hungarian algorithm. The deformation vector field is calculated and propagated to the full mesh with an algorithm using the thin plate spline. In a second iteration of the shape context registration, local geometrical mesh information is added by the used a sulcal depth cost function:
where s j and r j are respectively the sulcal depth of points m i and f j .
Cortical thickness values are propagated from the image to the registered mesh and are then smoothing with a Gaussian kernel at 5mm. At the end of the pipeline, each vertex of the mesh template is then associated to a cortical thickness vector corresponding to the thickness values of all patients at the same location point. Statistical analysis can then be processed between the different groups at each vertex location. Binaries for segmentation, cortical thickness estimation, Surface topological correction and registration are available as part of MILXView at our CSIRO software website 1 .
Group comparison
In the PiB-HC group, linear regressions are calculated at each vertex to remove the effect of age and years of education in the cortical thickness estimation. Parameters of the regressions are saved in order to process subjects in the other groups with the same regression. This correction removes the natural effect of age and year of education on all the groups. A vertex-wise T-test is then performed between the PiB-HC and the AD group. The significant level threshold is set to 0.001 to only capture the most significant regions. The p-values of the statistical tests are FDR corrected.
All individual AAL segmentations are propagated from the image to the common template. A multiple label STAPLE algorithm generates an AAL consensus segmentation. Significant regions are then intersected with the AAL mask to generate the significant part of each AAL region. Small size regions are removed. All individual mean cortical thicknesses are calculated in the significant patch of each anatomical region. Three different T-tests are performed, while controlling for the age and years of education in each tessellated region between AD, PiB-and PiB+ HC.
RESULTS
In a first experiment we compared our results with FreeSurfer (FS) software [3] . Figure 1 presents the correlation between cortical thickness estimations using FreeSurfer and our approach (CTE) and in the middle temporal lobe in the left and right hemispheres. The corresponding correlations are around 0.7 and 0.58. Similar results were obtained in other AAL regions. The cortical estimation appears larger with CTE than FS. This difference can be due to the different initialisation of the cortical estimation. Figure 2 shows the one-tailed T-Test on the corrected cortical thickness values between AD and PiB-HC. Cortical atrophy for AD is highly significant principally in the temporal lobe, in the hippocampus region and in the precuneus.
T-tests between the three different groups have been processed in each significant part of each AAL region (Figure 3) . Only major AAL regions with a p-value for the T-test between PiB+ HC and PiB-HC lower than 0.05 are reported in Table 1 . They are also mapped on the template with p-values mapped as scalars on Figure 3 . In Table 1 , T-test between PiB-HC and AD is very significant for all regions. The tests between PiB+ HC and AD are all significant but with higher p-values.
The PiB+ HC group hence appears closer to the AD group than the PiB-HC is. We also observed a hemisphere asymmetry, more AAL regions appears significant on the left hemisphere than on the right one. The cortical thickness reduction in PiB+ HC is significant in some regions of the Frontal lobe, in the Hippocampus region, the occipital lobe (Calcarine fissure, Cuneus, Lingual gyrus, Inferior occipital gyrus) and in the temporal lobe and pole. While on the right hemisphere, only the medial and paracingulate gyri, the hippocampus and the temporal lobe are significants. The presence of β-amyloid plaques appears to act early in the degeneration of the cortex and to affect earlier the left hemisphere. 
CONCLUSION
In this paper, we presented a new surface based approach to perform cortical thickness comparison between AD prodomial groups and healthy elder subjects. This new pipeline makes it possible to unveil some significant cortical thickness difference between PiB+ and PiB-HC in regions of high cortical atrophy in AD patients. Compare to Freesurfer the new pipeline is fast (less than 2 hours for each subject). 
